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Potted individuals of two perennial shrub species of South Africa's arid region were subjected to a soil-drying 
cycle. Plant stomatal conductances and water-use efficiencies were related to soil water content. High, 
opportunistic stomatal conductance and low water-use efficiency occurred at high soil water content, when 
the lower stomatal conductance required for optimum water-use efficiency may represent a competit ive 
disadvantage. Water-use efficiency increased as soil dried to intermediate soil water contents, but stomatal 
conductance finally became conservative and water-use efficiency decreased again at very low soil water 
content. This response may lengthen growing season and defer lethal water stress. This combination of 
opportunistic and parsimonious water use may facilitate the competitive success and resilience of these 
species under semi-arid and arid conditions. 
lndividue van twee meerjarige struikspesies van Suid-Afrika se droe gebiede, wat in potte gegroei het, is aan 
'n gronduitdrogingsiklus blootgestel. Die huidmondjieweerstand en waterverbruiksdoeltreffendheid van die 
plante het verband gehou met die grondwaterinhoudspeil. Hoe, opportunistiese huidmondjieweerstand en lae 
waterverbruiksdoeltreffendheid het voorgekom toe die grondwaterinhoudspeil hoog was, toe die laer 
huidmondjieweerstand benodig vir optimale waterverbruiksdoeltreffendheid die plante se mededingings-
vermoe kon benadeel het. Waterverbruiksdoeltreffendheid het toegeneem terwyl die grond tot middelbare 
waterinhoudspeile uitgedroog hef, maar loe die grond nog droer geraak hat, het huidmondjieweerstand 
toegeneem en waterverbruiksdoellreffendheid weer afgeneem. Hierdie reaksie mag die groeiseisoen verleng 
en die aanvang van dodelike waterstremming uitstel. Die kombinasie van opportunistiese en konserwatiewe 
waterverbruik mag die mededingingsvermoe en herstelvermoe van hierdie spesies bevoordeel onder ariede 
en semi-ariede toestande. 
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Introduction 
Plant carbon uptake is linked inextricably with transpira-
tional water loss, as both fluxes occur via a common route, 
the stomata. The inherent limitation of this link on sustained 
photosynthesis is aggravated by the rather different concen-
tration differentials of C02 and water vapour between leaf 
and atmosphere, with that for water vapour commonly the 
greater by three orders of magnitude (Schulze 1986). There-
fore, when stomata are open, transpirational water loss 
exceeds C02 uptake by a similar factor. 
What are the implications of these observations for gas 
exchange patterns in perennial plants of arid ecosystems? If 
transpirational water loss is viewed only as an inevitable 
cost associated with carbon gain (Orians & Solbrig 1977), 
then it follows that, in a water-limited environment, selec-
tive pressure will strongly favour those plants whose carbon 
gain occurs with a minimum associated water loss. This 
argument provides the basis for the common perception ~at 
high water-use efficiency (WUE) is beneficial for arid-
adapted plants (Fischer & Turner 1978), especially those 
species which do not rely on ephemerality ('drought 
escapers', Levitt 1980) or large supplies of soil water 
('water spenders', Levitt 1980) for drought survival. Is the 
argument justified? 
Cohen (1970) observed that the relatively low stomatal 
conductances required to achieve high WUE place con-
straints on the plant growth rate, which may be disadvan-
tageous in competitive environments, and that water saved 
in the soil profile by the efficient water-use of one plant 
may be removed by the roots of another, or even by evapo-
ration. This perspective suggests that water loss cannot be 
viewed simply as a cost associated with carbon gain, but 
that arid-adapted plants may benefit through variable control 
of water-use efficiency in relation to soil water availability. 
Exactly this has been shown in facultative CAM succulents, 
which may switch from the water-use efficient CAM mode 
to the relatively inefficient, but more productive (Ting 1985) 
C3 mode when water is freely available (Nobel & Hartsock 
1987). 
In a sophisticated modelling exercise, Cowan (1986) 
noted that optimal stomatal behaviour may be a function of 
the presence of competing neighbours, to facilitate the 
maximum benefit from a shared water resource, a prediction 
which supports the observation by Cohen (1970). Arguing 
along similar lines, deLucia and Schlesinger (1991) specu-
lated that the maintenance of high WUE is a conservative 
Abbreviations 
G,, Stomatal conductance to water vapour; A, C02 uptake rate (net 
photosynthesis); E, Transpiration rate; WUE, Instantaneous water-
use efficiency, i.e. AlE (mmol COJmol H20); CAM, Crassulacean 
acid metabolism. 
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ccophysiological strategy that is disadvantageous in com-
petitive, water-limited environments. These authors showed 
that drought-tolerant Great Basin shrubs maintain lower 
WUE than less drought-tolerant Sierran trees in adjacent 
sites. 
Therefore, the traditional viewpoint about gas exchange in 
arid-adapted perennial plants, especially 'water savers' 
(sensu Levitt 1980), i.e. that stomatal behaviour should 
maximize WUE, is being challenged. A great deal of our 
understanding about the structure and function of plant 
communities in arid systems may be modified by this de-
velopment. 
In this paper we report on our investigations regarding the 
dependence of stomatal conductance and instantaneous 
water-usc efficiency on soil water availability in two 
perennial shrub species which are widespread in the arid and 
semi-arid Karoo region of South Africa. We tested the 
hypothesis that stomatal conductance patterns suggest op-
portunistic, competitive water-use at high soil water content, 
and conservative water-use at low soil water content. 
Materials and Methods 
Individuals of Eriocephalus ericoides (L.f.) Druce and 
Pentzia incana (Thunb.) Kuntze were grown from seed in a 
mixture of one-third coarse sand and two-thirds native soil, 
in an open nursery at the Worcester Field Reserve, Cape 
Province, about 150 km north of Cape Town. This si te is 
situated within the Karoo region of South Africa, which 
ensured that the plants experienced temperature, radiation 
and atmospheric conditions typical of the semi-arid Karoo. 
During their development, plants were watered only to 
stimulate normal seasonal growth and to prevent mortality. 
Experiments were carried out on three three-year-old indi-
viduals which were growing singly in 5-l pots. The plants 
were transported to a greenhouse at the Botany Department, 
University of Cape Town, where they were acclimated to 
greenhouse conditions for about two weeks before the 
experiment began, during which time the soil was kept 
moist. 
To initiate a single drying cycle, water was withheld and 
the soil in the pots allowed to dry passively. Repeated gas 
exchange observations were made on three individuals of 
each species on the second, third, fourth, fifth, and tenth 
days of the drying cycle. After the completion of gas 
exchange sampling each day, each pot was weighed for 
calculation of soil water content. No correction was applied 
for plant mass, as this consti tuted a small fraction of total 
pot mass. Gas exchange parameters were measured with a 
Licor LI-6200 portable photosynthesis system, using a 
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standard LI-6000-13 0.25-1 sample cuvette. This instrument 
provides, in standard configuration, measures of quantum 
flux density (PPFD), air temperature in the sample cuveue, 
leaf temperature, and air relative humidity. The gas analyser 
was zeroed and calibrated before each daily sampling cycle. 
The calibration gas mixtmc had been prccalibrated against a 
range of C02 concentrations prepared in the LI-6000-01 gas 
calibration cylinder, using pure C~ (99.995%). Gas 
exchange analysis was carried out in the greenhouse 
between 10:00 and 13:00 on all days except one, when 
intermittent cloud necessitated the moving of plants to a 
high light intensity growth chamber. On this day, sampling 
took place between 15:00 and 16:00, after a period of 
acclimation (Table 1 summarizes details of environmental 
conditions on each day). For both species, the distal portion 
of whole shoots was enclosed in the sample cuvette. Three 
shoots on each of the three individuals of both species were 
selected before the experiment was initiated, and were 
marked using a thin strip of masking tape, to ensure that the 
same portion of the shoot was sampled throughout the 
experiment. An estimate of the total surface area of these 
portions was determined after the completion of the experi-
ment, by doubling their projected leaf area as measured by a 
Licor LI-3000 planimeter. This area was used to calculate 
net C~ flux. Transpiration rate was calculated using the 
leaf energy balance equation, derived from Paw and 
Daughtry (1984), as outlined by Licor (1987). Stomatal con-
ductance was calculated from this value using the calcu-
lations of von Caemmerer and Farquhar (1981), as outlined 
by Licor (1987). 
Results 
Soil-drying patterns 
Both species experienced a similar range of soil water 
content, over a similar time span (Figure 1). The time course 
of soil-drying revealed, for both species, a linear portion 
above about 7% gravimetric soil water content, and a curvi-
linear portion below this level. Soil in pots containing E. 
ericoides dried at a higher rate, and to a slightly lower level, 
than that in P. incana pots. The difference in initial drying 
rates was probably due to differences in transpiring surface 
areas between the two species, although this was not quan-
tified. 
Gas exchange characteristics 
Maximum photosynthetic rate in E. ericoides was slightly 
higher than that in P. incana; however, P. incana main-
tained higher photosynthetic rates at lower soil water 
Table 1 Summary of the main environmental conditions for each gas exchange sampli ng period 
(usually lasting around two hours, between 10:00 and 13:00) during the course of a soil-drying cycle 
applied to two Karoo shrub species, under greenhouse conditionsa 
Number of days into the drying cycle 
2 3 4 5 10 
Photon flux density (11-mol m-2 s-1) 1597 (46) 1619 (217) 908 (114) 1623 (74) 1453 (366) 
Air temperature ("C) 30.5 (0.7) 33.0 (0.6) 36.9 (0.7) 38.6 (1.5) 37.9 (3.3) 
Air vapour pressure (kPa) 1.96 (0.21) 2.24 (0.17) 2.76 (0.34) 2.21 (0.47) 2.62 (0.10) 
• Mean values are given, followed by standard deviations in parentheses. 
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content than did E. ericoides (Figure 2a,b). Peak water-use 
efficiency occurred throughout a wider range of soil water 
content in P. incana than in £. ericoides (Figure 2c,d). In 
both species, instantaneous water-use efficiency tended to be 
higher at intermediate than at high or low soil water content. 
Stomatal conductance (Figure 2e,f) increased markedly at 
higher water contents for both species, without concomitant 
gains in photosynthesis. Stomatal conductances of both 
species had greater than optimal values above gravimetric 
soil water contents of about 10%, and below optimal values 
at water contents below 10%. 
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.Figure I Pattern o f soil-drying in pots containing single 
individuals of Pentzia incana (triangles) and Eriocephalus 
ericoides (squares) during the course of a soil-drying cycle applied 
to both species, under greenhouse conditions. Each point repre-
sents the mean value for three pots, vertical bars represent 
standard deviations of the mean. Gas exchange work was carried 
out on days 2, 3, 4, 5 and 10. 
Variations in photosynthetic and transpiration rates owing to 
changes in stomatal conductance (Figure 3a,b) revealed a 
pattern similar to that modelled for a single leaf by Cowan 
(1986). By plotting the function of the ratio of these two 
curves (A/E, i.e. WUE), the relationship between stomatal 
conductance and instantaneous water-use efficiency can be 
described. As stated above, these show that stomatal con-
ductance in both species deviated considerably from an em-
pirically derived optimum value (around 110 mmol m· 2 s· 1) 
during the course of the experiment., largely as a function of 
soil water content. 
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Figure 2 The relationship between soil water content and net photosynthesis (a, b), water-use efficiency (c, d) and stomatal conductance 
(e, f) in Pentzia incana (a, c, e) and Eriocephalus ericoides (b, d, f), during a soil-drying cycle applied to these species under greenhouse 
conditions. In each graph, different symbols represent the mean value for one of three different plants, determined from three permanently 
marked shoots sampled on each plant. Vertical bars represent standard errors o f the mean. Optimal stomatal conductances (G, opt), as 
determined empirically in Figure 3, arc p lotted on e and f as dotted Jines. 
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Figure 3 The relationship between stomatal conductance and 
net positive carbon uptake (filled circles) and transpiration rate 
(open squares) in Pentzia incana (a) and Eriocephalus ericoides 
(b), determined during a soil-drying cycle applied to these species 
under greenhouse conditions. Each point is a two-way mean of 
three values, derived from three shoots of an individual plant. 
Different plants are not identified. Vertical and horizontal bars 
represent standard errors of the means . Solid curves are those 
fitted to each data set; heavy lines represent the relationship 
between stomatal conductance and photosynthesis, finer lines that 
between stomatal conductance and transpiration rate. The dotted 
line represents the relationship between stomatal conductance and 
water-use efficiency, and is the function derived from the ratio of 
the solid curves (carbon uptake/transpiration). Filled triangles on 
the X-axis identify the approximate value of stomatal conductance 
which leads to optimum water-use efficiency (G, opt). 
Discussion 
The stomatal conductances of both arid-adapted perennial 
shrubs investigated by us deviated considerably from an 
empirically determined optimum level over a large range of 
soil water content. Using the value of stomatal conductance 
required for optimum water-use efficiency, it is possible to 
define two types of inefficient stomatal behaviour- quite 
simply, those which are above or below the optimum value. 
We refer to these as opportunistic and conservative, respec-
tively. How might inefficient water-use characteristics be 
selected in arid-adapted shrubs, and why should this depend 
on available soil water? 
Conservative water-usc at low soil water availability has 
the obvious advantage of preserving water in the soil profile, 
thereby prolonging growing season duration and deferring a 
lethal soil water deficit. Several authors have shown that a 
signal from the plant roots might inform a plant of critically 
dry soil, thereby modifying stomatal behaviour [see review 
by Davies and Zhang (1991)) . 
However, opportunistic, supra-optimal stomatal behavi-
our, which occurred at high soil water content, is possibly 
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the more interesting deviation observed by us. Opportunistic 
water-use at high soil water availability may contribute 10 
plant success in two ways. Firstly, as suggested by deLucia 
and Schlesinger (1991), supra-optimal stomatal conductance 
may enhance carbon gain, and lead to increased growth 
rates. Secondly, high stomatal conductance will lead 10 rapid 
use of soil water resources, diverting them from competing 
neighbours. This suggests that water loss should not be 
viewed only as a cost to the plant, but also as a means of 
raising its competitive success. We propose that this may be 
an important determinant of the competitive success of these 
plants. 
Several different lines of research lend support to this 
proposal. Wilson (1988) concluded from a review of several 
competition studies that plant competition for below-ground 
resources tends 10 be more intense than that for above-
ground resources. In arid systems, there is some evidence to 
suggest that below-ground interaction between plants is an 
important mechanism of competition (e.g. Manning & Bar-
bour 1988), especially between shrub adults and seedlings 
(Reichenberger & Pike 1990). Furthermore, Tilman's (1986, 
1988) resource ratio hypothesis has shown how the outcome 
of inter-plant competition may be predicted through knowl-
edge of plant resource-use isoclines. According to this 
paradigm, competition occurs through the depletion of an 
environmental resource to some critical level by one species 
which may result in the inhibition of growth and reproduc-
tion of another. In Tilman's model, only two resources are 
emphasized, namely a soil and a light resource. In the 
simple, open communities of arid systems, light is essen-
tially unlimited, so competition for a limited soil resource 
such as water is likely to be critically important for plant 
competitive success. If Tilman's model adequately repre-
sents reality, then populations of plants which rapidly aridify 
soil to levels unfavourable to competititors will come 10 
dominate the vegetation. 
In conclusion, we suggest that the dynamic gas exchange 
characteristics of arid-adapted shrubs may provide important 
insights into their potential competitive performance and 
success, if they are seen and investigated in the light of 
varying water avai lability. We stress that the results we 
report in this paper should be viewed as preliminary, and 
await rigourous testing under field conditions. However, if 
these patterns are found to be common in the dominant 
perennial shrub species of arid Karoo landscapes, i t would 
be imperative for us 10 reassess our current understanding of 
the water-use efficiency concept in these systems. 
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